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Apparatus for Varying the Path length of a Beam of Radiation 



The present invention relates to the field of optics. More specifically, the present 
invention relates to a scanning delay line for investigative systems and particularly 



those that operate in the frequency range colloquially referred to as the TeraHertz 
frequency range. This frequency range being the range from 25GHz to lOOTHz, 
particularly the range from 50GHz to 84THz, more particularly the range from 90 GHz 
to 50 THz and especially the range from 100GHz to 20THz. 

Scanning delay lines are used when it is necessary to sweep the phase of one beam of 
radiation with respect to another. For example, in THz imaging systems such as those 
described in GB 2 347 835, two beams of radiation are used: a first irradiating beam, 
which travels from an emitter to a detector via a sample; and a second, reference beam. 
In order to obtain information about the sample the phase of one of the two beams needs ' 
to be continually scanned relative to the other beam. This scanning step is achieved by 
providing a scanning delay line in the path of one of the beams which continuously 
varies the path length of one of the beams. Scanning delay lines are also used in Optical 
Coherence Tomography (OCT), where it is again necessary to vary the phase of one 
beam of radiation in a Michelson interferometer arrangement with respect to another. 

Currently, there are two main types of scanning delay lines. The first of these is 
provided by retroreflectors which turn the beam through 180° and which are capable of 
linear reciprocating motion, thus extending or shortening the optical path as required. 

The faster the operation of the scanning delay line, the faster the acquisition of 
information about the sample being investigated. It is not possible to move a 
retroreflector at high speeds required for applications such as imaging and thus, these 
types of delay lines are of limited use. 



The second main type of scanning delay lines is provided by providing a constantly 
rotating optic within the path of one of the beams of radiation. The radiation reflects off 
at least one surface within the optic and thus the optical path changes as this surface 
rotates. These types of delay lines tend to work quicker than retroreflectors, but they 
suffer from the problem that they do not produce a linear variation in the phase over 
time and suffer from a very low. duty cycle. Also, the maximum and minimum delay 
introduced by the scanning delay line may not be changed once with delay line has been 
assembled. 

Modifications on the above design include work by Delachenal et al, Optics 
Communications 162 195-199 (1999) who use a delay line comprising a rotating 
polygonal mirror and a fixed glass cube and Ballif et al, Optics Letters 22, 757-759 
(1997) who use a delay line comprising a rotating cube which allows internal reflection 
and a fixed prism. 

Further attempts to solve the above problems have generally been made in relation to 
OCT imaging systems. Tearney et al, Optics Letters 21, 1408 to 1410 (1996) use a 
piezo-electric fiber stretcher to continually vary the length of the optical path of one 
radiation beam with respect to the other. This solution to the problems of the prior art is" 
unlikely to be of much use in THz systems which often use pulses of radiation as such 
pulses will be dispersed in the optical fibers. 

Rollins et al, Optics Express, 3 219-239 (1998) use a scanning delay line which 
comprises a single mirror and which receives light from and directs light back onto a 
diffraction grating. Scanning is achieved by titling the mirror under the control of a 
resonant scanner. 

A 

Finally, Riffe and Sabbah, Review of Scientific instruments, 69, 3099- 3101 explain 
how a rotating prism affects the delay length of a scanning delay line in order to 
determine the maximum possible path length as a function of the dimensions of the 
prism. The prism used is a rhomboid prism and it is driven by a stepper motor. 



It is an object of the present invention to at least address some of the problems of the 
prior art and produce a high speed scanning delay line. 

hi a first aspect, the present invention provides an apparatus for varying the path length 
of a beam of radiation, the apparatus comprising: an element rotatably mounted about 
an axis, said element comprising two reflective surfaces in fixed relation to one another 
such that radiation may be reflected between said reflective surfaces and out of the 
element; and driving means configured to rotatably oscillating said element about said 
axis. 

When placed in the path of a beam of radiation, the element reflects incident radiation 
as it moves with respect to the beam. At certain rotation angles, the element will fail to 
correctly reflect the incident radiation. Radiation which is correctly reflected enters the 
element and is reflected by a first mirror onto a second mirror and possibly subsequent 
mirrors, the radiation is finally directed out of the element along a suitable radiation 
path which allows the beam to be directed by a further mirror or collected by an element 
such as a detector. Radiation which is incorrectly reflected will either fail to be 
reflected by the first mirror or will be reflected by the first mirror at an angle which will 
prevent it from being reflected by one or more of the subsequent mirrors, or it will be 
reflected by the mirrors within the element but will not exit the element along a suitable 
radiation path such that it will not be collected or re-directed by other elements in the 
optical circuit. 

By oscillating the element as opposed to fully rotating the element, it is possible to 
minimise the angles, which the control element scans through, which result in incident 
radiation being incorrectly reflected. Thus the duty cycle of the element may be 
increased to values in excess of 90%. Preferably, the driving means is configured to 
oscillate said element through an angle of at most 40°. 

The driving means preferably comprises a galvanometer. A Galvanometer comprises a 
coil located in a magnetic field. If a current is passed through the coil, the coil 
experiences a torque proportional to the current passed through the coil. Therefore, the 




rotation imparted by a galvanometer allows the position of the element to be finely 
controlled. 

The galvanometer may be configured such that either rotation of the coil with respect to 
a fixed magnet, which generates the magnetic field, or rotation of the magnet with 
respect to a fixed coil is used to position the element. 

Also, since the torque applied to the element via the galvanometer is dependent on the 
current applied to the galvanometer, the speed of the element can be varied throughout 
each oscillation thus allowing the element to vary the delay length linearly with respect 
to time. 

The element may be operated to scan linearly at a frequency of about 100 Hz. If the 
element is scanned sinusoidally, frequencies of 300Hz to 400Hz maybe achieved. 

Since the element is oscillated, the start and end points of the oscillation may be 
controlled by the driving means. Thus, the minimum and maximum points of the 
oscillation may be controlled by the driving means and hence, the minimum and 
maximum points of the scanning delay line are set by the driving means and may be 
altered by the driving means. 

The element may be provided by two or more separate mirrors which are fixed with 
respect to one another. However, preferably, the element comprises a solid optic and 
said reflective surfaces are provided by surfaces of said optic. More preferably, said 
solid optic is a prism and preferably a rhomboid prism where said surfaces are two 
mutually parallel surfaces of said rhomboid. 

If a solid optic is used, the apparatus may be operated such that internal reflection 
conditions are satisfied. Said reflective surfaces are preferably metallised. 

As the element oscillates back and forth, the path of radiation exiting the element differs 
dependent on the rotation angle of the element. This variation in the exiting path is 
undesirable since radiation exiting the element will generally be collected or deflected 



by further optical elements. Therefore, it is preferable to keep the exiting path the same 
regardless of the rotation angle of the element. This may be achieved by providing a 
reflecting member configured to reflect radiation exiting the element back into the 
element, such that radiation reflected back into the element exits the element along a 
fixed final exit path regardless of the rotational position of the element. 

Radiation which enters the element for a first time follows a first path, the reflecting 
member may be configured to reflect radiation back into the element such that the 
radiation reflected by the reflecting member follows the first path in reverse. 
Preferably, in order to be able to distinguish between radiation reflected back through 
said element and radiation which is to enter said element, the reflecting member is 
provided with polarisation translation means which allows the polarisation of the 
reflected radiation to be different to that entering the element for the first time. For 
example, the polarisation may be rotated by 90° or changed from being circularly 
polarised in one direction to being circularly polarised in the other direction. This 
allows the radiation to be separated by using a polarising beam splitter or the like. 

Alternatively, the reflecting member may be configured to reflect radiation back into the 
element such that the reflected radiation follows a second path, said second path being 
said first path reversed and displaced along said rotation axis. 

In a second aspect, the present invention provides a method for varying the path length 
of abeam of radiation, the method comprising: 

providing an element comprising two reflective surfaces in fixed relation to one 
another such that radiation may be reflected between said reflective surfaces and out of 
the element; 

rotatably mounting said element about an axis; and 
rotatably oscillating said element about said axis. 

The present invention may be used in any type of investigative or imaging system 
where a scanning delay line is required. For example, it may be used in OCT systems 
or Terahertz imaging systems or systems where analysis or identification of a sample is 
required. 
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In a third aspect, the present invention provides a system for investigating a sample, the 
system comprising: 

an emitter for emitting radiation to irradiate said sample; 

a detector for detecting radiation reflected from or transmitted by said sample, 
radiation travelling from the emitter to the detector following a first path; 

means for supplying radiation along a second path to said detector and having a 
phase related to that of the radiation leaving the emitter, 

the system further comprising an apparatus according to the first aspect of the 
invention, provided within either of the first or second paths. 

In the system of the third aspect of the invention, the emitter preferably emits radiation 
in the THz frequency range. The system may be an imaging system or an 

The present invention will now be described with reference to the following non-limited 
preferred embodiments in which: 

Figure 1 A schematically illustrates an apparatus in accordance with a first embodiment 
of the present invention in a first position and Figure IB schematically illustrates the 
apparatus of Figure 1A in a second position; 

Figure 2 is a schematic which demonstrates how the path length of radiation passing 
rthrough-therapparatus- of Figure l^varies-with^he-rotation- angle of the apparatus of 
Figure 1A; 

Figure 3 A is a plot of the path length in millimetres against the rotation angle 0 of the 
apparatus of figure 1A, Figure 3B is a plot of displacement along the Y-axis of the 
maximum height of mirror Ml, the minimum height of mirror Ml and the height at 
which the incident radiation impinges on mirror Ml against rotation angle, and Figure 
3C is a plot of displacement along the Y-axis in millimetres of the maximum height of 
mirror M2, the minimum height of mirror M2 and the height of the radiation reflected 
from mirror M2 against the rotation angle; 
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Figure 4 is a schematic of an apparatus in accordance with a further embodiment of the 
present invention; 

Figure 5 is a schematic of an investigative system in accordance with a further 
embodiment of the present invention. 

Figure 1A illustrates an apparatus in accordance with a first embodiment of the present 
invention in a first position. The apparatus comprises an element 1 which is rotatable 
about a central axis 3 by a rotation means 5. The rotation means 5 are only 
schematically shown in this diagram and will not further described in relation to this 
figure. 

Element 1 is a rhomboid prism having two pairs of parallel planar surfaces which may 
be rotated through the path of a radiation beam. A first pair of parallel surfaces 7, 9 are 
used for entry and exit of the radiation beam from the prism 1, second pair of parallel 
surfaces 1 1, 13 are used to reflect the beam while travelling through the prism. 
Reflection may occur either due to the angle of the incident beam resulting in total, 
internal reflection conditions being meet and/or surfaces 11,13 maybe metallised in 
order to enhance reflection. 

In the example of Figure 1 A, radiation enters at the lowest part of surface 7 and is 
reflected from surface 1 1 onto reflective surface 13. Reflective surface 13 then reflects 
- : the 'light'out-through exit surface 9r- - -r * 

Figure IB illustrates the same prism as Figure 1 A but at a different rotation angle. To 
avoid unnecessary repetition, like reference numerals will be used to denote like 
features. 

Due to the rotation of element 1, reflective surface 1 1, 13 are in a different positions in 
Figure IB to Figure 1A. . 

In Figure IB, the different position of reflective surfaces 11, 13 causes the beam to be 
essentially reflected backwards whereas in Figure 1 A, the beam still travels in a 
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generally forward direction but is deflected slightly by mirrors 11,13. Hence, by 
comparing Figures 1 A and IB, it can be seen that the radiation path length from point P s 
to point Pb differs as element 1 is rotated about axis 3. 

How the rotation affects the path length can be seem more clearly from the graph of 
Figure 2 and the results of Figure 3. 

In Figure 2, reflective surfaces 13, 1 1 are renumbered as mirrors Ml and M2 
respectively. The central axis A of the mirrors is rotated by angle 9 about the Y-axis. 
Angle cp indicates the angle of the two mirrors Ml and M2 with respect to central axis 
A. 0 represents the rotation angle of the element about the rotation axis which coincides 
with the origin. The diagram also illustrates the distance R which is the distance along 
the central axis A from the rotation axis to the centre of mirror Ml or mirror M2. 

Radiation 21 enters the element at height H along the Y-axis and impinges on mirror 
Ml. It is then reflected along path 23 to mirror M2 where it leaves the element along 
path 25. The positions of paths 23 and 25 will vary dependent on the rotation angle 0 of 
the mirrors about the rotation axis, parameters h, r and cp will remain the same . 
regardless of rotation angle 0. 

Figure 3 A, 3B and 3C illustrate results where cp = 45°, r = 7mm, h = 9mm and the length 
of the mirrors is 1 Omm. 



Figure 3 A illustrates displacement along the Y-axis in millimetres against 0 along the 
X-axis in degrees. The displacement corresponds to the increase or decrease of the 
path. When 0 = 0°, i.e. the central axis A aligns with the Y-axis, the length of the path* 
which the radiation takes along paths 21, 23 and 25 is 14mm. As the element 1 is 
rotated anti-clockwise, this path length increases due to the radiation being reflected 
back on itself. Approximately 5mm is added to the path length when 0 is turned 
through 30° anti-clockwise. Similarly as element 1 is rotated clockwise, the path length 
decreases and at 30° the path length is found to decrease to about 5mm. 



Figure 3B illustrates three plots. The central fixed line at 9mm corresponds to the 
height h where the radiation first impinges on mirror Ml . The upper most curve 
corresponds to the maximum height of the surface of mirror Ml above the X axis. The 
lower most curve corresponds to the minimum height of mirror Ml from the X axis. 

In order for radiation entering the prism to impinge on first mirrored surface Ml, it is 
important that the height of the incident radiation is between the maximum mirror 
height and the minimum mirror height It can be seen that this situation is not true for 6 
is excess of 17.5°. Here, the maximum height of mirror Ml falls below the height of the 
incident radiation, therefore, the incident radiation will just simply bypass the prism and 
would not be reflected. 

Figure 3C illustrates information about second mirror M2. The trace which is in the 
middle when 9 = -30° corresponds to the maximum height of the mirror measured 
below the X axis of figure 2 and the lowest trace at 9 = 30° corresponds to the minimum 
height of mirror M2 below the X axis. The upper most trace of 9 = 30° corresponds to 
the distance d along the Y-axis which corresponds to the distance d from the X axis of 
figure 2 at which the beam leaves the element along path 25. In order for the beam to 
be reflected from mirror M2, this height must fall between the maximum and minimum 
heights of mirror M2. 

It can be seen from Figure 3C that this condition is only satisfied for the small range of 
^gl^bYtwee5~& =~775"° aird 9 « 20°. Therefore, comparing the results from Figures 3B 
and 3C, it can be seen that the prism is only effective between the angles 9 = -7.5° and 9 
= 17.5° for the specific dimensions given above. Please note, that these figures may 
change dependent on the angle of mirrors Ml and M2 to central axis A and the radius r 
of mirrors Ml and M2. 

Thus, to obtain maximum efficiency from the element configured as above, it is only 
necessary to rotate the element through 30°. 
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Changing the length of the mirrors will also affect the above graphs as the length of the 
mirrors will affect the maximum and minimum heights of the mirrors plotted in figures 
3A and 3B. Extending the mirrors will decrease the minimum heights and increase the 
maximum heights and is therefore initially desirable. However, if the mirror lengths are 
increased, the top mirror Ml of figure 2 may occlude the lower mirror M2 thus 
preventing the incident beam from entering the element. 

Figure 4 illustrates an apparatus in accordance with a further embodiment of the present 
invention. 

Rhomboid prism 5 1 is provided to reflect radiation. Rhomboid prism 5 1 is mounted 
upon rotational control arm 53 which is in turn controlled by galvanometer 55. By 
energising galvanometer 55, the control arm can be rotated back and forth such that 
prism 51 oscillates back and forth about its rotation axis. 

Galvanometer 55 comprises a coil located in a magnetic field. If a current is passed 
through the coil, the coil experiences a torque proportional to the current passed through 
the coil. Therefore, the rotation imparted by a galvanometer allows the position of the 
element to be finely controlled. 

Also, since the torque applied to the element via the galvanometer is dependent on the 
current applied to the galvanometer, the speed of the element can be varied throughout 
each oscillation thus allowing the element to vary the delay length linearly with respect 
to time. 

Radiation enters the device through radiation path 57 and is reflected through prism 51 
following a first radiation path and out along either exit path 59 or 61 depending on the 
position of the prism 51. In the figure, exit path 59 illustrates the position of the exit 
beam when the prism is positioned such that the beam experiences the maximum delay 
and exit path 61 illustrates the position of the exit beam when the prism if positioned 
such that the beam experiences the minimum delay. 
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When the beam experiences the maximum delay and exits via exit path 59, it impinges 
on roof prism 63 which is a right angled prism. Roof prism 63 reflects radiation beam 
59 through 180° and along path 65 which is parallel to exit path 59 and displaced from 
path 59. in the direction of the rotation axis of the prism 5 1 . 

Radiation 65 which is reflected from roof prism 63 enters prism 5 1 and is internally • 
reflected by the surfaces identified in relation to figures 1 A, IB and 2 following a 
second radiation path, and exits the prism 5 1 along radiation path 67. 

Similarly, when the beam experiences the minimum delay and exits via exit path 61, it 
impinges on roof prism 63 and is reflected through 180° and along path 69. Exit path 
69 is parallel to exit path 61 and displaced from path 61 in the direction of the rotation 
axis of the element 51. 

Radiation 69 which is reflected from roof prism 63 enters prism 51 and is internally 
reflected by the surfaces identified in relation to figures 1 A, IB and 2 following a 
second radiation path and exits the prism 51 along radiation path 67. 

Regardless of the rotation position of the prism 5 1 , the second radiation path is the first 
radiation path reversed and displaced along the rotation axis. Thus, radiation always 
exits the prism along final exit path 67 which is parallel to path 57 and at a fixed 
displacement therefrom. Hence, the scanning delay line may be easily incorporated into 
any optical system since its beam exit path remains fixed regardless of the delay 
introduced by the oscillating prism 5 1 . 

Although not shown here, in use, the galvanometer 55, control arm 53 and prism 51 will 
be provided on a stepper motor to adjust prism 51 to the correct position for the system. 

The delay element described with reference to Figures 1 to 4 is primarily intended for 
use in investigative systems and primarily those which operate using THz radiation. 
Such a system is schematically shown in Figure 5. 



o 
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Laser 201 outputs a beam; of radiation 203, this is divided by beam splitter 205 into a 
pump beam 207 and a probe beam 209. The radiation emitted by laser 201 will 
typically be in the mid-infirared range. In order to produce THz radiation, the mid- 
infrared pump beam 207 impinges on THz emitter 21 1 . THz emitter 211 comprises a 
photoconductive substrate and two electrodes provided on said substrate. Terahertz 
beam 213 is emitted from emitter 211 and is guided via mirrors 215 onto sample 217. 
Sample 217 is provided on a motorised stage which allows it to move in the X and Y 
directions. The X and Y directions being orthogonal to one another such that a large 
area of the sample may be scanned. The reflected radiation is then directed via mirrors 
219 onto detector 221 . 

In this type of imaging system, a probe beam 209 is also provided to the detectors 221 . 
In order to determine the phase shifts introduced by sample 217, the phase of probe 
beam 209 is varied over a small range in order to continually vary the phase of the 
probe beam reaching detector 221 . To achieve this, the pulse beam is passes through 
scanning delay line 223 which has been described with reference to figures 1 to 4. 



o 
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CLAIMS: 

1. An apparatus for varying the path length of a beam of radiation, the apparatus 
comprising: 

an element rotatably mounted about an axis, said element comprising two 
reflective surfaces in fixed relation to one another such that radiation may be reflected 
between said reflective surfaces and out of the element; and 

driving means for rotatably oscillating said element about said axis. 

2. An apparatus according to claim 1, wherein said driving means comprises a 
galvanometer. 

3. An apparatus according to claim 2, wherein said driving means is configured to 
vary the speed of the element during each oscillation such that the path length is varied 
linearly with time. 

4. An apparatus according to any preceding claim, wherein said driving means is 
configured to oscillate said element through an angle of at most 40°. 

5. An apparatus according to any preceding claim, wherein said element comprises 
a solid optic and said reflective surfaces are provided by surfaces of said optic. 

6. An apparatus according to claim 5, wherein the said reflective surfaces are 
metallised. 

7. An apparatus according to either of claims 5 or 6, wherein said solid optic is a 
rhomboid prism and said surfaces are two facing surfaces of said rhomboid. 

8. An apparatus according to any preceding claim, further comprising a reflecting 
member configured to reflect radiation exiting the element back into the element, the 
reflecting member being configured such that radiation reflected back into the element 
exits the element along a fixed final exit path regardless of the rotational position of the 
element. 
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9. An apparatus according to claim 8, wherein radiation which enters the element 
for a first time follows a first path and the reflecting member is configured to reflect 
radiation back into the element such that the radiation reflected by the reflecting 
member follows the first path in reverse. 

10. An apparatus according to claim 9, wherein said reflecting member is provided 
with polarisation translation means. 

11. An apparatus according to claim 8, wherein radiation which enters the element 
for a first time follows a first path and the reflecting member is configured to reflect 
radiation back into the element such that the reflected radiation follows a second path, 
said second path being said first path reversed and displaced along said rotation axis. 

12. A method for varying the path length of a beam of radiation, the method 
comprising: 

providing an element comprising two reflective surfaces in fixed relation to one 
another such that radiation may be reflected between said reflective surfaces and out of 
the element; 

rotatably mounting said element about an axis; and 
rotatably oscillating said element about said axis. 

13. A system for investigating a sample, the system comprising: 
an emitter for emitting radiation to irradiate said sample; 

a detector for detecting radiation reflected from or transmitted by said sample, 
radiation travelling from the emitter to the detector following a first path; 

means for supplying radiation along a second path to said detector and having a 
phase related to that of the radiation leaving the emitter, 

the system further comprising an apparatus according to any of claims 1 to 7, 
provided within either of the first or second paths. 

14. An apparatus as substantially hereinbefore described with reference to any of the 
accompanying figures. 
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15. A system as substantially hereinbefore described with reference to any of the 
accompanying figures. 

16. A method as substantially hereinbefore described with reference to any of the 
accompanying figures. 
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ABSTRACT: 

An apparatus for varying the path length of a beam of radiation, the apparatus 
comprising: 

an element (51) rotatably mounted about an axis, said element comprising two 
reflective surfaces in fixed relation to one another such that radiation may be reflected 
between said reflective surfaces and out of the element (51); and 

driving means (55)for rotatably oscillating said element about said axis. 
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